The Relationship of Indoor, Outdoor and Personal Air (RIOPA) study was designed to investigate residential indoor, outdoor and personal exposures to several classes of air pollutants, including volatile organic compounds, carbonyls and fine particles (PM 2.5 ). Samples were collected from summer, 1999 to spring, 2001 in Houston (TX), Los Angeles (CA) and Elizabeth (NJ). Indoor, outdoor and personal PM 2.5 samples were collected at 212 nonsmoking residences, 162 of which were sampled twice. Some homes were chosen due to close proximity to ambient sources of one or more target analytes, while others were farther from sources. Median indoor, outdoor and personal PM 2.5 mass concentrations for these three sites were 14.4, 15.5 and 31.4 mg/m 3 , respectively. The contributions of ambient (outdoor) and nonambient sources to indoor and personal concentrations were quantified using a single compartment box model with measured air exchange rate and a random component superposition (RCS) statistical model. The median contribution of ambient sources to indoor PM 2.5 concentrations using the mass balance approach was estimated to be 56% for all study homes (63%, 52% and 33% for California, New Jersey and Texas study homes, respectively). Reasonable variations in model assumptions alter median ambient contributions by less than 20%. The mean of the distribution of ambient contributions across study homes agreed well for the mass balance and RCS models, but the distribution was somewhat broader when calculated using the mass balance model with measured air exchange rates.
Introduction
Numerous epidemiologic studies have shown a positive association between ambient concentrations of airborne particulate matter (PM) and excess respiratory and cardiovascular mortality and morbidity (US EPA, 1996; Norris et al., 1999; Schwartz et al., 1999; Goldberg et al., 2001 ). This implies an association between community exposure to PM of ambient (outdoor) origin and adverse health effects. Several personal exposure studies have found poor correlations between ambient PM 2.5 concentrations and personal exposure measurements (Sexton et al., 1984; Spengler et al., 1985; Morandi et al., 1988; Wallace, 1996; Pellizzari et al., 1999; Lachenmyer and Hidy, 2000; Oglesby et al., 2000) . This seeming contradiction is partly due to the fact that measured personal exposure includes not only contributions from ambient PM sources, but also contributions from indoor and in-vehicle sources and personal activities, which vary with time and from person-to-person. Estimates of exposure to PM of ambient origin are needed to guide the development of control strategies for ambient PM and to evaluate exposure error introduced by using central-site ambient PM as a surrogate for exposure to PM of ambient origin in epidemiological studies.
Epidemiologic and exposure studies have generated great interest in characterization of indoor particles since people spend most of their time indoors. US residents spend approximately 87% of their day indoors, 7% in vehicles and only 6% outside (Robinson and Nelson, 1995) . Typically, indoor PM consists of ambient particles that infiltrate indoors and remain suspended, particles emitted indoors (primary), and sometimes PM formed indoors through reactions of gas-phase precursors emitted both indoors and outdoors (Wallace, 1996; Weschler and Shields, 1997; Wainman et al., 2000) . When indoor sources are present, indoor PM can be substantially higher than outdoor PM concentrations (Weschler and Shields, 1997) . Indoor PM sources include smoking, cooking, gas stoves, cleaning, washing and walking (Lefcoe and Inculet, 1975; Yocom, 1982; Ozkaynak et al., 1996; Chao et al., 1997; Abt et al., 2000a; Jones et al., 2000) . Notably, little is known about the health effects of particles generated indoors.
Outdoor PM 2.5 is also a main contributor to indoor particle concentrations in both naturally and mechanically ventilated structures (Thatcher and Layton, 1995; Weschler et al., 1997; Abt et al., 2000a) . Outdoor particles can enter indoor environments by convective flow (e.g. through an open window) or by diffusional flow (i.e. infiltration) through cracks and fissures in the barrier of the building envelope. Contributions of outdoor sources to indoor PM 2.5 concentrations of 23-67% have been estimated in a handful of studies (USEPA, 1996; Wallace, 1996) .
Several mechanistic and statistical models have been applied to describe important factors affecting indoor PM. These include steady state, single-compartment mass balance and random component superposition statistical models (Wallace, 1996; Ott et al., 2000) . The single-component mass balance model assumes that homes can be described as completely mixed flow reactors, where the indoor PM concentration depends on the outdoor PM concentration, air exchange rate, the rate of generation and resuspension of PM indoors, the rate of removal of PM by reaction or surface deposition, and the home volume. The basic mass balance model has two assumptions: perfect instantaneous mixing and factors affecting indoor concentrations are steady or change slowly throughout the monitoring period. The penetration of particles through the building envelope, particle decay rate, and strengths of various indoor sources have been estimated in this way in PTEAM and a small number of other studies (Ozkaynak et al., 1996) .
The Random Component Superposition (RCS) statistical model uses the linear regression of indoor or personal concentration on the outdoor PM concentration to estimate means and distributions of ambient (outdoor) and nonambient contributions to indoor or personal PM concentrations (Ott et al., 2000) . The main assumption of this model is that the statistical distribution of nonambient concentrations is spatially and temporally invariant. The RCS model has been applied to PM 10 data from PTEAM, THEES and Toronto (Ott et al., 2000) . Other statistical methods used to apportion indoor and outdoor sources of indoor PM concentrations and to identify factors affecting indoor air quality include multivariate linear regression and receptor models using chemical species and/or time-activity information (Ozkaynak et al., 1996; Yakovleva et al., 1999) .
A comprehensive assessment of the impact of ambient sources on indoor air quality would require detailed consideration of the physical and chemical mechanisms of PM formation, transformation, transport and deposition. Airborne PM consists of a mix of organic and inorganic substances, such as sulfates, nitrates, water, trace elements, oxidants and organic compounds with a variety of functional groups and spanning a wide range of vapor pressures and polarities (Ansari and Pandis, 1998; Seinfeld and Pandis, 1998; Turpin et al., 2000) . Particles emitted from different sources have different compositions, and their toxicities as well are expected to be distinct. This means it is quite possible that PM emitted indoors and PM emitted outdoors have different health effects. This reason, the need to reduce uncertainties in epidemiology studies, and the need to differentiate between indoor and outdoor sources in the design of control strategies provide strong motivation for separation of PM exposure into its ambient (outdoor) and nonambient contributions.
This study presents indoor, outdoor and personal PM 2.5 mass concentrations, and estimates the ambient and nonambient contributions to indoor and personal PM 2.5 mass concentrations using data collected in the study entitled ''Relationship of Indoor, Outdoor and Personal Air'' (RIOPA).
Methods

Sample Collection
The RIOPA study was designed, in part, to test and refine the current mechanistic understanding of the relationships between indoor, outdoor and personal exposure concentrations for several air pollutants. Of specific interest to the RIOPA study is the contribution of ambient outdoor sources to indoor and personal concentrations. In order to vary the pollution mix and the air exchange rate, approximately 100 nonsmoking homes from each of these three geographically distinct locations (Houston, TX; Los Angeles County, CA; and Elizabeth, NJ) were sampled across all four seasons (summer 1999-spring 2001) . PM 2.5 samples were collected in more than half of these homes. The sampled homes included a variety of ages and types of home construction and ventilation practices. Homes in close proximity and farther away from primary sources (mobile sources/industry in New Jersey, mobile sources in California, and refineries in Texas) of volatile organic compounds (VOCs) and/or PM 2.5 were sampled. Homes were sampled one to four at a time, and most of the homes were sampled a second time approximately 3 months later. All integrated samples were collected for 48 h, to improve detection of trace species (e.g., PM elements and gas-phase carbonyls). Home volume, air exchange rate, time-activity information, temperature, relative humidity, VOC, aldehyde, PM mass and several PM species concentrations were measured. Communication between participants and RIOPA field team members was conducted in English or Spanish. Additional details concerning the RIOPA study plan, sample collection and other analyses are provided by Weisel et al (2004) and Naumova et al. (2002 Naumova et al. ( , 2003 and subsequent publications.
A total of 212 homes were sampled for PM 2.5 ; 162 of these homes were sampled a second time. Residential indoor and outdoor PM 2.5 mass was measured on Teflon filters (37 mm, 2 mm pore, Pallflex Gelman Scientific, Ann Arbor, MI, USA) collected downstream of a single-jet, 2.5 mm diameter cutpoint impactor (Harvard Impactor) at 10 lpm for 48 h.
Personal PM 2.5 mass concentrations were measured on Teflon filters (25 mm, 3 mm pore; Pallflex Gelman Scientific) collected for 48 h in modified MSP personal environmental monitors (PEM; MSP Co., Minneapolis) at 3.2 lpm. The PEM has a 10-jet impactor inlet designed to provide a 2.5 mm diameter cut-point when 0.4 lpm is maintained through each jet. In this study, two jets were blocked to achieve a 2.5 mm cut-point at 3.2 lpm. PEMs were also modified to hold a 25 mm, rather than 37 mm, filter to reduce detection limits for mass and other species. Flow was drawn through the PEM, and in some cases through an active carbonyl sampler connected in parallel, using an AFC 400S pump (B.G.I. Inc., Waltham, MA, USA). PEMs were placed on the front strap of the sampling bag near the breathing zone of the participant. The pump, battery pack and motion sensor (HOBO, Onset Computer Corp., Bourne, MA, USA) were worn in the sampling bag on the participant's hip or back. Since the study design called for PM sampling in only 50% of homes, participants who expressed concern about the sampler burden generally were not selected for PM sampling. Among the participants who carried the PM 2.5 sampler (B2 kg) the added burden did not appear to affect compliance.
A field blank of each filter type was transported with substrates to the field, kept near the indoor or outdoor sampler during sampling, and stored and analyzed with field samples from concurrently measured homes. Duplicate samples were collected with pairs of Harvard Impactors collocated inside or outside 35 study homes. In addition, 14 samples were collected with PEMs mounted next to the indoor Harvard Impactors for comparison of sampler performance.
Filters were loaded, unloaded and leak checked in the laboratory. Flow rates were measured at the beginning and end of each sampling period, and samplers were leak-checked at the end of the sampling period. Collected samples and field blanks were returned to the laboratory/shipped in coolers with blue ice packs and stored frozen until analysis.
Analysis
Teflon filters were weighed on a Cahn C-30 (Cahn Instruments, Inc., Cerritos, CA, USA) or a Mettlar MT5 (Mettler Toledo Inc., Columbus, OH, USA) microbalance in an EPA-audited laboratory at the Environmental and Occupational Health Sciences Institute according to EPA protocols for PM 2.5 mass. Filters were equilibrated before and after sampling for 24 h at 30-40% relative humidity (RH) and 20-231C. Conditions for post-collection analysis were within 5% RH and 21C of those for precollection analysis for each filter. Pre-and post-collection analyses were conducted by the same analyst on the same balance. Temperature and RH were recorded continuously in the weighting room. The balance was calibrated daily prior to filter weighing with a 20070.025 mg primary mass standard traceable to NIST mass standards. An independent standard (50 mg) was analyzed after every 10 filters to evaluate analytical accuracy. At least one laboratory blank was also weighed daily. All filters were weighed twice.
The average air exchange rate of each home over the 48-h sampling period was determined by measuring the house volume and the concentration of an inert nontoxic tracer. The tracer, perfluorinated methylcyclohexane, was emitted at a constant rate beginning approximately 48 h before sample collection. The tracer concentration was measured with a passive capillary adsorption tube and gas chromatographyelectron capture detection, as described by Dietz et al. (1986) . The maximum measurable air exchange rate was approximately 5 air changes/h.
Results and discussion
Quality Control and Quality Assurance
A total of 364 indoor, 369 outdoor and 383 personal PM 2.5 samples were collected. The present analysis includes only valid samples: validation required that flow rate changes were less than 15% during sampling and collection times exceeded 42 h (87.5% of target duration). Field and analytical comments, including comments regarding compliance with personal sampler protocols, were also used to identify invalid samples. Valid data comprise 91%, 82% and 83% of the samples collected in California, New Jersey and Texas, respectively.
The limits of detection for PM 2.5 mass concentrations, calculated as three times the standard deviation of the field blanks, are 0.55 mg/m 3 for indoor and outdoor samples and 1.4 mg/m 3 for personal samples. Field blank weights were not significantly different before and after transport to the field according to a paired t-test with a ¼ 0.05 (N ¼ 452, P ¼ 0.24). Therefore, no blank subtraction was performed for PM 2.5 mass measurements. All PM 2.5 mass concentrations were above detection limits.
Uncertainties in mass concentrations are clearly dominated by sampling uncertainties, as evidenced by very good analytical precision (better than 1% based on replicate sample analysis) and analytical accuracy (replicate analyses of the 50 mg standard had a standard deviation of 0.002 mg). Overall measurement precision for indoor and outdoor mass concentrations is 17%, as a coefficient of variation, based on analysis of 35 pairs of collocated Harvard Impactor samples inside and outside of study homes and shown in Figure 1a .
(The coefficient of variation is given by the pooled standard deviation (s pooled ) divided by the mean value of the pairs. For paired data, s pooled ¼ [Sd i 2 /2n] 1/2 , where d is the difference between pair i values and n is the number of pairs). Overall measurement accuracy for atmospheric PM is limited by sampling artifacts. During collection of fine PM on a sampling substrate, changes in relative humidity and changes in temperature alter the equilibrium partitioning of semivolatile PM species such as ammonium nitrate, semivolatile organic compounds and water. Changes in conditions during weighing can also affect measurement accuracy. These changes are minimized in the EPA filter weighing protocol, which was used in this study. Figure 1b shows PM 2.5 mass concentrations measured with PEM and Harvard samplers placed side-by-side in the indoor sampling rack of 14 RIOPA study homes. The Shapiro-Wilks tests suggest that both data sets are approximately lognormally distributed (a ¼ 0.05, P ¼ 0.40 for Harvard and P ¼ 0.05 for PEM). Concentrations measured by collocated Harvard and personal samplers are highly correlated (R 2 ¼ 97%; 92% without highest point), suggesting that the PEM sampler has good precision. However, mass concentrations measured with the PEMs are significantly greater at the 95% confidence level than those measured with the Harvard samplers according to a ttest on the log-transformed data. The median concentrations measured by the Harvard and PEM samplers during collocated sampling were 11.6 and 13.5 mg/m 3 , respectively. The linear least-squares regression of PEM mass measurements on collocated Harvard Impactor (HI) measurements is:
where the 95% confidence intervals for slope and intercept are (0.81, 1.02) and (2.03, 6.63), respectively. Note that the confidence intervals for the slope include 1.0. These data were not used to ''calibrate'' one sampler against the other, because the scarcity of PEM-Harvard data above 30 mg/m 3 would make the accuracy of this correction uncertain for high-end exposures. Additionally, the regression equation is fairly sensitive to individual data points. For example, without the highest point the regression is
where the 95% confidence intervals for slope and intercept are (0.92, 1.37) and (À1.66, 4.67), respectively. By Dixon's test (a ¼ 0.05), three outliers were identified. The regression excluding the three outliers yields:
where the 95% confidence intervals for slope and intercept are (0.85, 0.92) and (3.57, 5.27), respectively. The size of the relative bias between samplers at the mean RIOPA personal exposure of 37.6 mg/m 3 is 1.4, 6.2 or 0.32 mg/m 3 (4%, 16% or 0.9%) according to Equations (1), (2) and (3), respectively. This accuracy is quite reasonable, considering PM 2.5 measurement precision. Intersampler differences of this size are not unusual for collocated measurements of PM 2.5 . Differences can result from differences in the shapes of the collection efficiency curves for the 2.5 mm impactor precut, differences in bounce from the impaction plates, and/ or differences in volatile losses. The Harvard Impactor has a single jet impactor inlet and a face velocity of 16 cm/s, whereas the modified PEM was operated with an 8 jet impactor inlet and a face velocity of 11 cm/s. Low face velocity samples are less susceptible to volatilization and bounce . We expect examination of PM species concentrations to yield further insights into the inter-sampler differences (i.e. in a subsequent publication). Personal, indoor and outdoor mass concentrations reported below are measured values. The Harvard Impactor-PEM inter-sampler discrepancy introduces uncertainty in the magnitude of the difference between personal exposures and microenvironmental concentrations, rather than the correlation between these measurements. The effect of this uncertainty on subsequent analyses is noted below.
Indoor, Outdoor and Personal PM 2.5 Mass Concentrations
Summary statistics for the measured residential indoor, outdoor and personal PM 2.5 mass concentrations, and corresponding air exchange rates for the overall study and for each city are presented in Table 1 . Median indoor, outdoor and personal PM 2.5 mass concentrations are 14.4, 15.5, and 31.4 mg/m 3 , respectively. PM 2.5 mass concentrations and air exchange rates are approximately lognormally distributed, as suggested by a Shapiro-Wilks test on the logtransformed data (a ¼ 0.05). Personal PM 2.5 concentrations are significantly greater than indoor and outdoor concentrations as determined by one-way ANOVA and Sheffe's test (a ¼ 0.05, Po0.0001) performed on the log-transformed data. This would still be true if PEM and Harvard Impactor measurements were ''harmonized'' using Equations (1), (2) or (3). Personal concentrations are also more variable than both indoor and outdoor concentrations according to a Levene's test (a ¼ 0.05) for the overall study data and data segregated by city, with the exception of California outdoor concentrations. Indoor concentrations for Texas homes are more variable than outdoor concentrations, while no significant difference in the variance of indoor and outdoor concentrations was found for California and New Jersey homes (Levene's test; a ¼ 0.05).
Within-home indoor, outdoor and personal concentrations were compared using an incomplete randomized block mixed model (SAS, version 8) by treating ''home ID'' as a random effect. The error correlations between each pair of samples were allowed to differ by including a repeated statement with an unstructured covariance matrix in the SAS script. The added power obtained by ''pairing'' indoor, outdoor and personal concentrations from the same home verified that personal concentrations are higher than indoor and outdoor concentrations for all three cities, and revealed that outdoor concentrations are higher than indoor concentrations for New Jersey and California homes, as well as for the overall data set. The same conclusions were drawn when only the first sample from each home was used in the analysis, confirming that the conclusions are not artifacts of withinhome correlation.
Personal concentrations could be higher than residential indoor and outdoor concentrations because the participant spent time in another, higher-concentration microenvironment (e.g., a smoky bar or restaurant). In addition, higher personal concentrations could result if the participant was located in closer proximity to indoor sources than the indoor monitor (e.g., while cooking). It must be noted that while smokers were effectively excluded from this study (as validated by the personally administered activity questionnaire and technician observation), passive exposure to environmental tobacco smoke is a potential contributor to personal exposures. As part of the activity questionnaire, participants were asked if they had been in an area where smoking occurred during the sample collection period. Questionnaire responses suggest that passive tobacco smoke exposure influenced few samples (i.e., less than 15). It is unlikely that environmental tobacco smoke (ETS) exposure influenced the median personal exposures for the study, but ETS could be a significant contributor to the highest exposures. For example, two subjects reporting ETS exposure had personal exposure concentrations of 96.5 and 66.0 mg/m 3 ; these concentrations are greater than the 95th and 90th percentiles of measured personal exposure concentrations. Other personal activities can also have a large influence on personal exposures. These will be examined in a future publication through the use of questionnaires and chemically speciated data. Figure 2 shows scatter diagrams of indoor, outdoor and personal PM 2.5 concentrations, and Table 2 provides coefficients of determination. Pooled indoor, outdoor and personal PM 2.5 mass concentrations are only poorly to moderately correlated (R 2 ¼ 1-19% for NJ and TX; R 2 ¼ 21-44% for CA), reflecting daily and home-to-home variations in indoor source strength, air exchange rates and personal activities. As one would expect, correlations between indoor and outdoor concentrations are much stronger for homes where the ratio of the indoor-to-outdoor mass concentration is less than 1 (R 2 ¼ 43-80%; I/Oo1 in 54-71% of homes by state). The higher correlations occur presumably because of low indoor source strengths and/or Clayton et al., 1993) . The differences between RIOPA and PTEAM are likely to result from differences in sampling strategies, study locations and study years. Riverside is at the eastern edge of the Los Angeles Basin, a receptor of aged pollution transported across the basin. In contrast, RIOPA homes are located in the western half of the air basin, closer to primary sources. Air quality in the Los Angeles Basin has also improved over the last 10 years, although declines in PM concentrations are more modest than declines in ozone concentrations. The annual average central monitor PM 2.5 mass concentration was 16.4 mg/m 3 in Elizabeth, New Jersey for the period July 1997 to June 1998 (Chuersuwan et al., 2000) , which is close to the RIOPA outdoor residential median concentration in Elizabeth of 18.2 mg/m . Median indoor, outdoor and personal concentrations in the EXPOLIS study (Helsinke, Finland; 1996 Koistinen et al., 2001) , respectively (Wilson et al., 1996) . In a wintertime 1991B1992 air exchange rate study in the Los Angeles Area, mean, median and standard deviations of air exchange rates were 0.79, 0.64 and 0.57 h Assuming perfect instantaneous mixing and assuming that factors affecting indoor concentrations are constant or change slowly throughout the monitoring period, the indoor PM 2.5 mass concentration can be described with a single compartment mass balance model:
At steady state dC i /dt ¼ 0, and this equation becomes:
where C i and C a are the measured indoor and outdoor concentrations of PM 2.5 (mg/m 3 ), P is the penetration coefficient (dimensionless), a is the air exchange rate (h À1 ), k is the particle loss coefficient (h À1 ), Q i is the strength of indoor sources (mg/h), and V is the house volume (m 3 ). The first term describes the contribution of outdoor-generated PM 2.5 to the indoor PM 2.5 concentration (ambient contribution, C ai , mg/m 3 ), and the second term is the contribution of indoor sources to the indoor concentration (nonambient contribution, C pig , mg/m 3 ). The quantity Pa/(a þ k) is called the infiltration factor (F INF ) and describes the fraction of C a that is found indoors.
The random component superposition statistical (RCS) model proposed by Ott et al. (2000) derives a constant F INF across all homes from the linear regression of measured values of C i on C a . The product of the constant F INF and C a from each home provides an estimate of the mean and distribution of the ambient contributions (C ai ) for the population of study homes. The mean and distribution of indoor contributions (C pig ) are given by the difference C i -C ai on a home-by-home basis. This model is not used to estimate ambient and nonambient contributions for individual homes, in part because the use of a single infiltration factor does not account for the large home-to-home variations in actual air exchange rates. This model assumes a linear superposition of the ambient and nonambient components of exposure and lack of correlation between these two components.
The mass balance approach can also be used to estimate personal exposure to PM of ambient and nonambient origin:
where E t is the time-averaged personal PM 2.5 exposure (mg/ m 3 ) and y is the fraction of time a person spent outdoors (dimensionless). The first term describes the time-averaged personal exposure to PM 2.5 of ambient origin (E ag , mg/m 3 ) and the second is the time-averaged personal exposure to PM 2.5 of nonambient origin (E nonag , mg/m 3 ). The fraction of C a that contributes to exposure is called the attenuation factor (a). In this case the RCS model derives a constant a across all homes from the linear regression of measured values of E t on C a . The RCS-predicted distribution of E ag across the population of study homes is given by the product of the constant a and C a from each home.
In this work, the mass balance model and RCS statistical model were used to estimate the ambient and nonambient contributions to indoor PM 2.5 concentrations and personal PM 2.5 exposures. Both models use measured PM 2.5 concentrations. The primary difference is that the mass balance model takes into consideration the measured air exchange rate, which varies considerably from home to home. Mass balance model results were obtained by fitting measured PM 2.5 concentrations and air exchange rates to the mass balance equation using nonlinear regression (NLIN in SAS). This results in the estimation of a single particle penetration coefficient (P) and loss rate coefficient (k) for the data set. Ambient and nonambient contributions to indoor PM 2.5 concentrations and personal exposures were then calculated for each home or participant using these population estimates of P and k and the measured concentrations and air exchange rates for that residence. Table 3 shows mass balance model estimates of P and k with no constraints (N) and with the constraint PA[0,1], forcing a physically meaningful value of P (Y). Based on its physical meaning, P should be less than unity. Populationaverage P ¼ 0.91 and k ¼ 0.79 were estimated for the overall data set (all 268 homes with available a, C i and C a ). P and k were also estimated for California, New Jersey and Texas homes separately. P and k values estimated in RIOPA study are in reasonable agreement with other PM 2.5 studies, which have estimated statistically and through experimentation P values of 0.84 to 1.0 for fine particles (Koutrakis et al., 1992; Thatcher and Layton, 1995; Ozkaynak et al., 1996; Lachenmyer and Hidy, 2000; Winkle and Scheff, 2001) . P depends on the particle size distribution and house structure, so it is likely to vary from home to home, with season, and with geographic location (Long et al., 2001; Mosley et al., 2001; Riley et al., 2002) .
The estimated particle loss rate for PM 2.5 for the RIOPA homes is 0.79 h À1 (95% CI ¼ 0.18, 1.4 h À1 ). Ozkaynak et al.
(1996) estimated a particle loss rate of 0.39 h À1 (95% CI ¼ k-values as a function of particle size using real-time particle monitors. In Fresno, CA, k was estimated to be 0.5 h À1 for 0.1 mm diameter particles and 3.5 h À1 for 2.5 mm diameter particles; in Boston, MA the lowest k was 0.7 h À1 for 0.4-0.5 mm diameter particles, and the highest was 1.2 h À1 for 2-3 mm diameter particles.
The indoor particle loss rate coefficient, k, is determined by many factors including surface-to-volume ratio, housing structure, near-surface air flows, turbulence and particle size distribution. The use of air conditioning has been reported to increase particle decay rates. The k-value obtained from the nonlinear regression procedure is an ''average'' value for the RIOPA homes. Given that the mass balance results account for home-to-home differences air exchange rate, the use of a single value of k for all homes probably introduces the largest uncertainties in the mass balance results. The effects of air exchange rate (a) and decay rate (k) on the infiltration coefficient (F INF ) for all RIOPA data are illustrated in Figure 3 . The two curves in Figure 3 show the infiltration coefficient as a function of a assuming k ¼ 0.79 h À1 (the RIOPA estimate) and 0.4 h À1 (half the estimated value). When the air exchange rate is very small, k is a very important determinant of the infiltration of ambient PM 2.5 . At 1.0 h À1 , a 50% reduction in k increases the infiltration of ambient PM 2.5 (F INF ) from roughly 55% to nearly 70%. Air Exchange Rate h Table 4 provides the mean nonambient contributions to indoor and personal PM 2.5 concentrations on a concentration and percentage basis, estimated using the mass balance model. The mean contribution of ambient outdoor sources to indoor PM 2.5 concentrations is 8.7 mg/m 3 or 60% for all study homes (67%, 70% and 41% for California, New Jersey and Texas homes, respectively). The median contribution of ambient sources to indoor PM 2.5 concentrations using the mass balance approach is estimated to be 7.2 mg/m 3 or 56% for all study homes (63%, 52% and 33% for California, New Jersey and Texas study homes, respectively). Figure 4 shows the cumulative distributions of ambient and nonambient contributions to indoor PM 2.5 concentrations calculated by mass balance and RCS approaches for the same 268 homes. The RCS model calculated an infiltration factor (slope of the regression of C i on C a ) of 0.46, and a mean and median ambient contribution of 8.5 and 7.2 mg/m 3 , respectively. The values of ''Pa/(a þ k)'' calculated from the mass balance model are approximately normally distributed (by Kolmogorov-Smirnov test with a ¼ 0.05 and P40.15) with a mean of 0.46 and a standard deviation of 0.16. Good agreement is seen between these two approaches, particularly for distribution means, which are within 1 mg/m 3 for both ambient and nonambient contributions to indoor PM 2.5 concentrations. The breadth of the distribution of ambient contributions is somewhat larger in the mass balance solution because this approach takes into consideration home-byhome variations in air exchange rate. The standard deviation of ambient contributions is 5.2 mg/m 3 for RCS and 6.4 mg/m 3 for mass balance distribution estimates. While the RCS model is not designed to predict the ambient contribution for individual homes, we found that the coefficient of variance for the ambient contribution to indoors for the two models was 26% when results were compared on a home-by-home basis (268 homes). The coefficient of variance for the nonambient contribution to indoors is 24%. Results are well correlated, with a coefficient of determination (R 2 ) greater than 75%, for both ambient and nonambient contributions. This method comparison illustrates the degree of uncertainty introduced (26%) when estimates of ambient contributions to indoor PM 2.5 concentrations are made without measured air exchange rate, which is perhaps the most variable parameter.
The mean ambient (outdoor) contribution to personal PM 2.5 exposure, estimated using the mass balance approach and activity diary data, is 26% for all study homes, (33%, 22% and 21% for California, New Jersey and Texas homes, respectively). Means obtained by RCS were comparable. It must be noted that harmonizing PEM and Harvard measurements using Equations (1), (2) the percentage ambient contribution to personal PM 2.5 exposure by 0.1-4.0 to 26-30% for all study homes. The RCS model calculates ambient contributions to indoor concentrations and personal exposures based on the statistical inferences of regression analysis. However, indooroutdoor or personal-outdoor regressions could be affected by extreme values (outliers), such as a high nonambient exposure on a day with low ambient concentration or vice versa. For this reason outliers were identified and their influence on the infiltration factor or attenuation factor in the RCS model was evaluated. A value was considered as outlier if the absolute studentized residual of that data point was larger than three. In the evaluation of the ambient PM 2.5 contribution to indoor concentrations, seven outliers were identified. After removal of those outliers, the infiltration factor (F INF ) changed by only 0.01. Four outliers were found in the outdoor-personal regression. Elimination of these outliers changed the attenuation factor by 0.05. Elimination of outliers increased the RCS-estimated mean ambient contribution to indoor by 0.1 mg/m 3 and RCS-estimated mean ambient contribution to personal by 0.9 mg/m 3 . The sensitivity of ambient contribution estimates obtained by mass balance to the choice of P and k is shown in Figure 5 . Figure 5 gives the mean and median percentage ambient contributions to the indoor PM 2.5 concentration in California, New Jersey, Texas and the overall study using seven reasonable choices of P and k. In scenario ''A'', P (1.0) and k (0.39 h À1 ) are taken from the PTEAM study. In scenario Figure 5 . Sensitivity of the estimated ambient contribution to indoor PM 2.5 mass concentration to the choice of P and k. A-C use literature values from other locations, D-E are RIOPA estimates from the overall data set (D) and the dataset segregated by city (E). F and G use estimates of P and k taken from a subset of RIOPA homes expected to have small contributions from indoor sources.
''B'', P (0.95) and k (0.62 h À1 ) are the average of winter and summer values from Lachenmyer and Hidy (2000) . In scenario ''C'', P (1.0) and k (0.5 h À1 ) are composites from other studies (Thatcher and Layton, 1995; Abt et al., 2000b; Long et al., 2001; Thornburg et al., 2001; Vette et al., 2001 ). The RIOPA overall P (0.91) and k (0.79 h À1 ) are used in scenario ''D''. In scenario ''E'', state-specified P and k from Table 3 (with boundary conditions) are used. In scenarios ''F'' and ''G'', P and k were obtained by non-linear regression of the subset of RIOPA data with few indoor sources. In ''F'' only homes where C i oC a (N ¼ 165 homes) were used to estimate P (0.73) and k (0.19 h À1 ). The questionnaire data were used to identify 23 homes that had no evidence of indoor sources. This subset of data provided the P (0.78) and k (0.40 h
À1
) estimates for scenario ''G''. Using literature values of P and k is likely to yield less accurate results than estimates based on RIOPA data (D and E) because P and k will vary with housing stock, climate and particle source mix. Estimate G suffers from small N. The comparison of Figure 5 , which uses a variety of reasonable values for P and k, suggests that uncertainties in P and k lead to uncertainties on the order of 20% in the mean ambient contribution to indoor PM 2.5 .
Conclusions and perspective
This study presents indoor, outdoor and personal PM 2.5 mass concentration results from the RIOPA study. While the poor correlations between personal, indoor and residential outdoor concentrations suggest that ambient outdoor PM 2.5 is a poor surrogate for personal exposure to total PM 2.5 , it might still be a good surrogate for community exposure to ''PM 2.5 of ambient origin.'' This quantity (i.e., the ambient contribution) varies considerably from home to home and person to person. The ambient contribution to personal PM 2.5 for RIOPA subjects is estimated to be 26% on average. The mean ambient contribution to the indoor PM 2.5 concentration is 60% when estimated using the actual homeby-home air exchange rate and a population-average P and k derived from RIOPA data. The mean obtained by assuming a population-average infiltration factor (RCS model) was similar, with a somewhat narrower distribution. The error (random) in the ambient contribution introduced by neglecting the home-by-home variation in air exchange rate (RCS model) was 26%.
Mean and median ambient contributions to indoor and personal concentrations appear to be similar for California and New Jersey homes but much lower for Texas homes. This finding is consistent with our expectations, given the prevalence of air conditioning use in Texas (more than 23% of Texas study homes used A/C during sampling) and almost lack of air conditioning in California and New Jersey study homes (less than 3% and about 18% in California and New Jersey, respectively). Air-conditioned homes tend to be tightly sealed and therefore have reduced air exchange rates. As shown in Equation (5) and Figure 3 , a decrease in the air exchange rate results in a decreased ambient contribution (i.e., a decrease in the first term and increase in the second term of Equation (5).
